Cranial irradiation in children and adults often results in irreversible hypopituitarism. The earliest and most common endocrine abnormality is GH deficiency, often followed by other pituitary hormone deficits. We investigated whether a similar pattern of progressive hypopituitarism could be reproduced in an animal model. Different doses of cranial irradiation were delivered to the hypothalamo-pituitary region of normal adult male rats, and the effects on their subsequent growth, pituitary weight and hormone contents were studied. Animals received cranial irradiation with 300 kV X-rays at doses of 0, 20, 22 or 24 Gy (n=15 per group) and five animals from each group were killed at 8, 14 or 20 weeks after irradiation. Their anterior pituitary glands were weighed and assayed for GH, LH, TSH, ACTH and prolactin (PRL) content. All three doses of irradiation reduced body weight compared with that in non-irradiated controls and compromised growth between 8 and 20 weeks. Pituitary weight increased between 8 and 20 weeks in control rats, whereas it decreased significantly in the irradiated animals. Irradiation induced time-and dose-dependent changes in pituitary hormone contents. GH and PRL were most sensitive and decreased by more than 90% after irradiation; TSH contents were unaffected 8 weeks after the lowest dose of irradiation, but were reduced at 14 and 20 weeks. LH and ACTH were the slowest to be affected, and only at the greater doses of radiation. Thus progressive multiple pituitary endocrine deficits can be induced differentially in rats by increasing doses of cranial irradiation. This model should prove useful for defining the sites and mechanisms by which cranial irradiation induces neuroendocrine dysfunction.
Introduction
Cranial irradiation is a relatively common cause of irreversible hypopituitarism in both children and adults. It has been observed in patients who have been given radiotherapy for nasopharyngeal carcinoma (Samaan et al. 1982 , Lam et al. 1991 , for tumours of the pituitary gland or nearby structures (Littley et al. 1989a,b) , and for primary brain tumours (Harrop et al. 1976 , Richards et al. 1976 . It is also common in children who have been given prophylactic cranial irradiation for acute lymphoblastic leukaemia (Shalet & Brennan 1998) or total-body irradiation for a variety of tumours and other diseases.
Hypopituitarism induced by cranial irradiation shows some characteristic features. The endocrine deficits can vary widely in onset and may be delayed months or years after irradiation but, once detected, the severity of pituitary dysfunction increases with time and is irreversible. The endocrine deficits can range from mild isolated growth hormone (GH) deficiency to severe pan-hypopituitarism, though GH is commonly the first anterior pituitary hormone to be affected (Littley et al. 1989a) . The findings of studies in adults who received external radiation therapy for pituitary adenomas or nasopharyngeal carcinomas suggest that deficiency of either gonadotrophin or adrenocorticotrophic hormone (ACTH) occurs later than that of GH, and that thyroidstimulating hormone (TSH) is the least likely to be adversely affected (Littley et al. 1989a , Lam et al. 1991 . In such patients, the relationship between dose and prevalence of pituitary hormone deficits is different from that seen in patients receiving direct intra-pituitary irradiation from yttrium-90 implants (Jadresic et al. 1987) , and is believed to reflect hypothalamic damage from external irradiation that reduces the output of hypophysiotrophic factors required to maintain a normal pituitary gland.
The total dose of radiation delivered to the hypothalamo-pituitary region is a major determinant of the speed of onset, incidence and severity of anterior pituitary hormone deficiencies. The greater the radiation dose, the more likely it is that the patient will develop pan-hypopituitarism and the earlier the deficiencies will occur; the severity of the hormone deficiency is also a function of the period of time elapsed since irradiation (Littley et al. 1989b) .
It is unlikely that much more can be learned about the mechanisms of irradiation-induced endocrine deficits from studies in humans. Apart from ethical considerations, it is difficult to pinpoint the sites and mechanisms of irradiation-induced neuroendocrine damage by means of measurements of hormones in blood. We therefore sought to develop an animal model in which a similar constellation of progressive multiple pituitary endocrine deficits might be induced in a predictable fashion by cranial irradiation, so that more direct measures of pituitary or hypothalamic cellular function could be made.
The animal species best characterized for such neuroendocrine studies is the rat, and previous work has shown that irradiation in neonatal or weanling rats will attenuate their growth and reduce GH secretion (Mosier et al. 1985 (Mosier et al. , 1986 , and will affect their rate of sexual maturation (Roth et al. 2000) . However, it is not known whether irradiation in adult rats will induce progressive multiple pituitary hormone deficits in a dose-and time-dependent fashion analogous to those seen in humans. We have developed a simple procedure for delivering different doses of cranial irradiation to young adult normal rats, and have characterized directly the differential onset and severity of multiple pituitary hormone deficits that follow such treatment.
Materials and Methods

Irradiation
All experimental procedures were performed according to the Animals (Scientific Procedures) Act of Parliament, UK 1986. Normal young adult male rats (n=60) of the NIMR:AS strain (8 weeks of age, weighing 150-190 g at the start of treatment) were lightly anaesthetized (i.p. ketamine/xylazine), placed in a positioning harness and irradiated using 300 kVp X-rays (Guo et al. 1997 ) using a vertical beam through the head to a 1·5 cm diameter field that included the hypothalamo-pituitary region. The remainder of the brain and body were shielded by lead. Animals were randomly divided into four groups of 15 that received a single dose of 0, 20, 22 or 24 Gy. At 8, 14 and 20 weeks after irradiation, five animals from each group were killed and their anterior pituitary glands excised, weighed and frozen for subsequent hormone assays.
Hormone assays
The pituitaries were thawed and homogenized in 1 ml PBS, centrifuged at 10 000 g for 2 min, and the supernatants subjected to radioimmunoassays for GH, prolactin (PRL), TSH, luteinizing hormone (LH) and ACTH using reagents obtained from NIDDK. The results are expressed as µg per pituitary, in terms of the appropriate reference standards: GH-RP2; PRL-RP3; TSH-RP3; LH-RP3; ACTH-RP1
Statistical analysis
Unless otherwise stated, data are shown as means ..., and differences between groups were assessed by ANOVA followed by Dunnett's test for multiple comparisons, with P<0·05 considered significant. Statistical analyses in Figs 1-3 were performed on raw data. However, because the individual hormones are present in very different amounts, to compare the sensitivity, onset and rate of decline between the different hormones, relative decay curves were constructed by expressing the data for each hormone as a percentage of the mean content of the same hormone measured in the non-irradiated controls at the corresponding time point, normalized to 100% and plotted relative to this (Fig. 4) . In this case, the data were log-transformed and between-hormone comparisons at the same time point and irradiation dose were assessed by Student-Newmann-Keuls test.
Results
All three doses of irradiation resulted in a reduced body weight gain compared with that in non-irradiated controls, and this was already evident at 8 weeks after irradiation (Fig. 1a) . Furthermore, over the following 12 weeks, the increase in body weight seen in the control rats was virtually abolished in the irradiated animals (Fig. 1a) , though they were able to sustain a slight increase in body weight gain throughout this period. Apart from this growth deficit, the animals were in good general health.
More pronounced effects of irradiation were seen on pituitary size. Non-irradiated control rats showed an increase in pituitary weight over this period, whereas pituitary weight decreased significantly with time in all irradiated groups (Fig. 1b) . This was not simply a consequence of reduced growth rate, as body weights were maintained over the same period; therefore, irradiation induced an absolute loss of pituitary mass. This was already evident 8 weeks after irradiation at 24 Gy, and became apparent by 14 weeks in the animals receiving the lower doses. By 20 weeks after irradiation, all three groups had pituitaries less than half the weight of those of the corresponding non-irradiated animals (Fig. 1b) .
Pituitary hormone contents for all 60 animals were measured; the data are presented in Figs 2 and 3. Changes in GH were dramatic (Fig. 2) . Whereas control animals showed time-related increases in GH contents that paralleled the increase in pituitary weight over this time course, irradiated animals showed a marked decrease in pituitary GH that was dose-and time-dependent (Fig. 2) . The dose effect was seen most clearly after 8 weeks, when the GH contents in the 20 Gy and 24 Gy animals were <60% and <15% of those in the control rats respectively. At each irradiation dose, the GH contents decreased progressively with time. After 20 weeks, pituitary GH contents in the group irradiated to the greatest dose (24 Gy) had decreased to less than 5% of those in non-irradiated animals at the same age.
The other pituitary hormones were also affected by irradiation but to different degrees (Fig. 3) . The effects on PRL were very similar to those seen for GH, with more than 90% loss of pituitary PRL contents 20 weeks after irradiation to 24 Gy (Fig. 3) . TSH contents also showed both time-and dose-dependent reductions, but the magnitude of the effects were less severe than for GH or PRL. After 20 Gy irradiation, there was no change in TSH at 8 weeks but there was a progressive reduction over the following 12 weeks. More pronounced effects were seen with the greater doses of irradiation; by 20 weeks after 24 Gy, TSH contents had decreased to around 20% of those in the corresponding non-irradiated animals (Fig. 3) .
It took longer for effects of irradiation on LH contents to become manifest. There were no significant effects observed in any group after 8 weeks. However, moderate, time-dependent reductions in pituitary LH content became apparent thereafter, most clearly in the rats that received the greatest dose of irradiation (Fig. 3) .
ACTH contents were least affected by irradiation. The increase in ACTH that occurred with time in the control animals was reversed in all the irradiated groups, but the absolute deficits induced by irradiation were mild (Fig. 3) . The group irradiated to the greatest dose (24 Gy) still maintained around 40% of the ACTH content of the control group after 20 weeks, and this decrease in ACTH content was not much greater than could be accounted for by the reduction in overall pituitary weight between these groups.
Relative decay curves for all the hormone contents were constructed by expressing the data for each hormone as a percentage of that measured at the corresponding timepoint in non-irradiated rats, each normalized to 100% (see Methods); the results are illustrated in Fig. 4 . This clearly shows the parallel early and profound effects of irradiation on GH and PRL and the differences in radiosensitivity, onset, rate of progression and severity for the other hormones measured.
Discussion
In a series of classic studies, Mosier and colleagues showed that cranial irradiation delivered to neonatal rats stunted their growth and compromised GH secretion (Mosier & Jansons 1968 , 1971 , Mosier et al. 1985 , Mosier 1988 . Cranial irradiation in infant or weanling rats has also been investigated (Overmier et al. 1979 , Schunior et al. 1990 . In neonatal rats, the hypothalamo-pituitary structures are still forming and developing functional connections. We were interested in developing a similar irradiation model in older, post-pubertal rats and to look for differences in the radiosensitivity, onset, progression and severity of the damage between the different pituitary hormone axes in the same animals.
The choice of dose and field of irradiation was guided by earlier experiments that had shown that a 20 Gy dose delivered to a 1·0 cm diameter field had a significant but transient inhibitory effect on growth (Guo et al. 1997) . We therefore chose 20 Gy as a baseline dose, and tested 22 and 24 Gy as higher doses. The field was also extended to 1·5 cm in diameter to ensure inclusion of the entire hypothalamus and pituitary region. However, as many other central nervous system structures were in the vertical beam path, we cannot assume that all the endocrine effects observed were solely due to hypothalamic or pituitary damage. Nevertheless, the rats tolerated all three doses well, and continued to show some small body weight gains, though all remained significantly smaller than the non-irradiated animals. Lower doses of cranial irradiation in much younger rats causes a permanent impairment in weight gain and bone growth, with a positive relationship between radiation dose and growth impairment (Overmier et al. 1979 , Mosier et al. 1985 , Schunior et al. 1990 , Roth et al. 2000 .
One important difference from clinical practice was our use of a single dose instead of a fractionated regime, because our objective was to establish a dose-response relationship in a simple procedure, readily applicable to several groups of animals. Roth et al. (2000) found that two doses of 9 Gy, delivered at 21 and 23 days to female rats, also caused marked growth retardation at 3 months of age, and fractionating the dose may well affect different cell populations to differing degrees (Thames & Hendry 1987) .
Normal young adult rats continue to show GHdependent growth, so biologically significant reductions in GH output should be reflected in a reduced rate of growth. In fact, all three doses of irradiation had similar effects on weight gain and pituitary weights, probably reflecting the fact that the GH and PRL systems were the first and most profoundly affected, with near maximal effects on GH after 14 weeks with all doses of irradiation. Although the changes in body weight could largely be explained by the time-course and severity of GH deficiency, they could also reflect damage to other hypothalamic centres (for example, those regulating food intake or energy expenditure), as these will also have been included within the irradiation field. It has also been shown that cranial irradiation in neonatal rats compromises their later food efficiency (Mosier et al. 1993) . Clearly, it would be interesting to extend our studies to include measures of energy intake, expenditure, and body composition after cranial irradiation at these doses in young adult rats.
The observation that pituitary weight reductions were similar with all irradiation doses also could be explained by the early and relatively severe effects on the GH/PRL axes. The cell types synthesizing these hormones comprise about 50% of the total endocrine cell mass of the rat anterior pituitary, so an early loss of these cells would have a large effect on pituitary weight, even if the other pituitary cell types were relatively unaffected at this time.
There are surprisingly few data on the effects of irradiation on pituitary hormone contents. An early study found little effect of irradiation on pituitary hormone contents, but this was relatively insensitive and involved bioassays of pituitary extracts from irradiated animals in recipient hypophysectomized rats (Mosier & Jansons 1968). We believe that the reductions in pituitary size and individual pituitary hormone stores will reflect a reduced cell number and secretory capacity, but did not evaluate this directly. However, rats that were stunted after neonatal irradiation continued to show GH pulsatility, but with significantly lower pulse amplitude (Mosier et al. 1985) . There is no similar information on other hormone profiles, but this can now be obtained in our model using microsampling methodology for conscious rats (Clark et al. 1986) .
A number of conclusions may be drawn from our results. Firstly, the pituitary hormone axes in young adult rats are differentially sensitive to irradiation damage, with respect to onset, rate of progression and severity. Secondly, the GH and PRL axes are the first to be affected, and are the most sensitive to the dose of radiation. Thirdly, graded progressive multiple hormone deficiencies can be produced with larger doses of irradiation. These findings closely parallel the observations made after cranial irradiation in humans, but with some important differences.
The most surprising finding was that PRL contents were as sensitive as GH in irradiated rats, and decreased dramatically with time and dose. In the light of the radiation-induced hyperprolactinaemia reported in the human, the latter observation was unexpected. It is possible, however, that the increased serum PRL in the irradiated human, which is often transient, is itself associated with a reduction in pituitary PRL content -implying that, in the human, the overall impact on PRL synthesis and release reflects both hypothalamic and pituitary damage. Hypothalamic damage would be expected to increase PRL secretion in the rat, but the effects of Comparative decay curves for each hormone were constructed by expressing each hormone content as a percentage of that hormone content in the non-irradiated animals at the same time point, normalized to 100%. Open symbols, 8 weeks; shaded symbols, 14 weeks; solid symbols, 20 weeks. Data are shown as means S.E.M. The relative hormone contents measured at the same time point and irradiation dose were compared; significant differences (P<0·05, Student-Newmann-Keuls) are indicated by letters: a, compared with GH; b, compared with PRL; c, compared with TSH.
